The aim of this project was to study the fate of chemically persistent organochlorine xenobiotics in the marine link of the food web, between penguins and herrings (Clupea harengus), which are the only food for Spheniscus demersus from the Gdańsk Zoo. Concentrations of hexachlorobenzene (HCBz), pentachlorobenzene (PCBz), trichlorobenzene (TCBz) and the γ-HCH isomer were determined in Baltic herrings, in muscles, fat and liver of penguins, unhatched eggs, contour feathers and guano. The highest concentrations of fungicides were observed for HCBz. Fungicides were not detected in the liver of penguins and herrings. The bioaccumulation factor (BAF) for fungicides reached the highest values in the penguin brain. The highest biomagnification factor (BMF) for PCBz was determined in the muscle tissue and for lindane -in liver. It was confirmed that detoxification of penguins occurred through deposition of fungicides and lindane in guano and through epithelial tissue and eggs.
INTRODUCTION
Formerly used organochlorine agricultural agents are still active anthropogenic environmental pollutants, even though they have been withdrawn from the use or had restrictions imposed on their use. Their persistence results from their properties, as the structure of those polymers is stable under various conditions on land and in water.
Organochlorine fungicides, including hexachlorobenzene (HCBz), have been used worldwide since 1915. In Poland HCBz was used until 1980. Apart from its agricultural application, HCBz was also an additive to pyrotechnic products or was used in the synthesis of organic halides, manufacturing of electrodes and wood preservatives. Pentachlorobenzene (PCBz) is a substrate for the production of fungicides and can be present as an impurity in agricultural fungicidal agents. This compound is a product of organochlorine pesticidelindane (γ-HCH) decomposition, and also the effect of HCBz depolymerization (Falandysz et al. 2000) . Lindane is a chlorinated organic polymer which has insecticidal properties. It was used in Poland in . Studies of the air in Gdańsk revealed, however, the use of that insecticide still in the summer of 1991 (Falandysz et al. 1999) .
Hexachlorobenzene in the natural environment undergoes depolymerization to form pentachlorobenzene, which subsequently can be dechlorinated and reduced to trichlorobenzene (TCBz). Depolymerization of HCBz takes place in bacterial, fungal or animal organisms. Microbiological anaerobic decomposition of HCBz can be observed in sediments of freshwater and seawater ecosystems (Beurskens et al. 1993 , Falandysz et al. 2000 , Chen et al. 2002 , Jayachandran et al. 2003 , Liu et al. 2010 . Transported with air HCH undergoes the photochemical isomerization. Through that photochemical reaction the γ-HCH isomer is transformed into the α-HCH isomer (Bruhn et al. 1999) . Both organochlorine fungicides and lindane are included in the group of POPs and are covered by a number of legislative regulations and international conventions (i.a. The Stockholm and Helsinki Conventions, The Convention on Long Range Transboundary Air Pollution). Several studies proved the presence of xenobiotics in the Arctic -a place where they have never been used (Bidleman et al. 1989 , Su et al. 2006 ). This reflects the global scale of chemical pollution of the environment. Researches proved that organochlorine compounds have the ability to accumulate in organisms of the subsequent trophic levels (Strandberg et al. 1998 , Ebadi et al. 2005 , El-Mekkawi et al. 2009 ). Organochlorine fungicides posed health hazards and put human life at risk many times in the past. In 1955 In -1961 , in the southeastern part of Turkey, more than three thousand cases of porphyria type IV (caused by toxins) were reported. The disease was caused by hexachlorobenzene used to protect wheat grain for human consumption against fungi (Cripps et al. 1984) . Porphyria is a disease involving disorders of metabolic heme synthesis, during which porphyrins and their precursors are intensively excreted in urine and feces. Porphyria cutanea tarda (PCT) is a chronic disease and it causes hepatotoxicity (Dziemianko et al. 2004, Drozd and Uzar 2007) .
There is still not enough research on persistent organochlorine polymers in organisms living in the Baltic Sea. Only single research studies deal with aspects of bioaccumulation and biomagnification of organochlorine compounds. However, a gradual decrease in concentrations of those xenobiotics is observed. Nevertheless, they still remain in the Baltic Sea environment (Bignert et al. 2011 , Sapota 2006 , Strandberg et al. 1998 .
The aim of the experiment conducted in the Municipal Zoological Garden of the Sea Coast was to determine the level of exposure of piscivorous birds to residues of organochlorine xenobiotics present in food. On the one hand, concentrations of the analyzed compounds in the organisms being at the top of the marine food web allowed to assess the pollution of the southern Baltic waters by xenobiotics and, on the other hand, to determine the rate of biological transport of toxins in the food web at the water-land interface.
MATERIALS AND METHODS

Reagents
In the studies of fungicides and organochlorine pesticides, the AccuStandard reference material of the purity more than 99% was used (GC area ≥99.8%). For the chromatographic analyses, MERCK extraction solvents were used: n-hexane and acetone of min. 99% purity (GC area ≥99%). In the analytical procedure, 98% sulfuric acid was used for analysis (supplied by POCH). Thermo Scientific HyperSep LC-Florisil SPE columns filled with magnesium silicate and Whatman cellulose extraction round-bottom thimbles were also used. Nitrogen and helium gases for the analyses were supplied by Linde company (purity of min. 99.995%).
Sampling
Samples came from the Municipal Zoological Garden of the Sea Coast in Gdańsk and included whole bodies of fish Clupea harengus L., which are the only food of the African penguin living in the ZOO. Fishes were selected randomly in December 2009, January and February 2010 from the total mass of herring caught in the southern Baltic for penguins. Nine whole herrings and additionally the muscle tissue and liver from six randomly selected herrings were analyzed. Guano was collected three times as an average sample of several penguin individuals from a Teflon mat covering the penguin area. Chemical analyses were carried out for the muscle and adipose tissues, as well as for the liver and brain of penguins. Samples of tissues were taken from dead birds during post-mortem examination. All tissues were collected into previously prepared glass containers. Unhatched eggs were obtained during two breeding periods: autumn 2009 and spring 2010. Three whole eggs and three others, in which the white and yolk were separated, were used for analyses. The analysis of chlorinated hydrocarbons content was also conducted in one sample of epithelial tissue (contour feathers) of a penguin.
Preparation and extraction of samples
The analyzed feathers were first superficially cleaned in 50% acetone bath, then dried and mechanically ground. Other samples were homogenized using Unidrive 1000 (CAT Poland). All the samples except for feathers were lyophilized. In the next stage of the procedure, homogeneous and lyophilized samples were extracted using the Soxhlet method. Samples weighing at least 1 g were extracted in cellulose thimbles (Al-Shwafi et al. 2009 , Witczak 2009 . A mixture of n-hexane and acetone (1:1) was used as a solvent. The extraction process was carried out for 6 hours with a frequency of 6 to 8 cycles per hour. The obtained extract was concentrated to a volume of 2 cm 3 in a stream of nitrogen.
The purification stage consisted of the removal of lipids and the solid-phase extraction (SPE). Lipids were removed by reaction with the concentrated sulfuric acid. For that purpose, 1 cm 3 of H2SO4 was introduced into the same amount of the extract. The reaction tube was rotary shaken and left to separate. Subsequently, the top part was decanted onto the LC-Florisil (magnesium silicate) SPE column in order to remove the remaining impurities (Doong and Lee 1999, Cederberg et al. 2000) . The elution was carried out by the solvent used for extractions (in triplicate). The obtained eluent containing the examined compounds was collected into glass vials and concentrated under a stream of nitrogen to a constant volume. The final purification with SPE columns and chromatographic analyses were carried out in a clean room laboratory.
Determination of lipids and organochlorine fungicides
The purified extracts were analyzed for organochlorine hydrocarbons content using the gas chromatograph Varian 450-GC equipped with 63 Ni electron capture detector (GC-ECD), which is one of the recommended techniques for determining organochlorine compounds (Ebadi et al. 2005 , AlShwafi et al. 2009 , El-Mekkawi et al. 2009 ). The separation was carried out on the Varian capillary column (fused silica): length 50 m, film thickness 0.25 m, inner diameter 0.53 mm and outer diameter 0.70 mm. Analytical samples of 1 µdm 3 were introduced into the chromatograph using the autosampler. Helium was used as a carrier gas (flow rate 5 cm 3 min -1 ). Detector temperature was set at 300°C. We used the temperature program presented by Vorkamp et al. (2004) with modified injection temperature. The injection at 250°C was applied in our studies.
The lipid content in the tissues was determined by the gravimetric method after extraction by the Soxhlet method. Lipid extraction was carried out for 2 hours with petroleum ether as an eluent.
The recovery of fungicides was performed by adding a known concentration of the mixture of standards to the analyzed sample prior to its lyophilization. That analytical method allowed to obtain the recovery in the range of 89-91%. The method for determining organochlorine pesticides was linear over the concentration range of the analyzed compounds in the extract (0.05 -100 ng cm -3 ). The detection and quantitation limits for the analyzed compounds were within the ranges: 15 -28 pg cm -3 and 50 -70 pg cm -3 , respectively. Blank tests were applied in the analytical procedure and repeated at every change of any of the reagents or supporting materials. The results of the blank tests conducted in triplicate showed that none of the analyzed compounds was introduced during preparation and purification of the samples.
RESULTS AND DISCUSSION
Results of the chemical studies of the whole body samples of Clupea harengus from the southern Baltic revealed the presence of hexachlorobenzene, pentachlorobenzene and trichlorobenzene. Moreover, the γ-HCH isomer was also found in the whole fish samples. The studies of muscle tissue of fish without the skin and liver confirmed the presence of lindane in all the samples. Organochlorine fungicides were detected only in the muscle tissue, their concentrations in the liver were below the detection limit of the method (Table 1) . The highest concentrations were reported for HCBz, with the maximum in the whole fish and in the muscle tissue. The lowest concentrations were reported for TCBz.
The results of previous HCBz and PCBz studies in fish caught in the Gulf of Gdańsk in 1992 revealed (Falandysz et al. 2000) . Nevertheless, ecotoxicological researches on organochlorine pesticides and fungicides in the Baltic Sea are still rarely undertaken. The results of single measurements reported by HELCOM (2010) indicated that the HCBz concentrations in fish were lower than the threshold values (16.7 ng g -1 ww) and the HCBz concentration in blue mussels were not determined as they were <0.3 ng g -1 ww.
Concentrations of the sum of HCH isomers in fish and mussels were also below the threshold values.
The results of the National Swedish Contaminant Monitoring Programme in Marine Biota indicate a decreasing trend in the lindane concentration in the Baltic organisms. However, concentrations of this pesticide are still detectable (Bignert et al. 2011 ).
Pikkarainen (2008) The research carried out on herring caught during the winter 2009/10 in the southern Baltic showed that the concentrations of xenobiotics residues were higher than the concentrations of those compounds in fish from the northern part of the Baltic Sea (the Gulf of Finland). Such a relationship was previously observed by Ollson et al. (2002) . The results, however, indicate a decreasing trend in the concentrations of organochlorine pesticides residues in fish from the southern Baltic Sea (Sapota 2006) .
Since each penguin from the Zoo consumes on average 0.5 kg of whole fish a day, taking into account the water content in the fish (71.05 ±3.65%), about 8.87 μg of HCBz, 3.38 μg of PCBz, 1.38 μg of TCBz and 6.63 μg of lindane penetrate into a penguin body with food. The estimated dose of the analyzed organochlorine hydrocarbons residues supplied with the food to the body of Spheniscus demersus can exceed 7 mg of a mixture of those substances per year.
Previous studies of birds, whose diet consisted of Baltic fish, indicated that POPs were accumulated in their bodies (Dubrawski and Falandysz 1980, Falandysz and Szefer 1984) . Studies of three dead penguins from the Municipal Zoological Garden of the Sea Coast proved the presence of all compounds delivered with food in their bodies. Both HCBz and PCBz were found in the muscle tissue. The concentrations of HCBz ranged from 74.57 ng g -1 lw to 130.10 ng g -1 lw, while PCBz concentrations were higher and range from 196.62 ng g -1 lw to 365.51 ng g -1 lw. TCBz in muscles of Spheniscus demersus was below the limit of detection. The concentrations of lindane in muscles were determined at the levels of 6.67 -15.69 ng g -1 lw. The average lipid content in the muscles of the studied birds was 10.17%.
The measured concentrations of HCBz and lindane in muscles of piscivorous penguins are lower than the concentrations of the compounds in muscles of guillemots (U. aalge). The diet of guillemots is based on Baltic fish and for that reason they are a kind of bioindicators of the Baltic Sea pollution by persistent organic polymers. The geometric mean of HCBz concentrations in muscles of guillemots was almost five times higher than the geometric mean of that fungicide concentration in muscles of the penguins. Lindane concentrations in muscles of the studied birds were also lower (Lundstedt-Enkel et al. 2008) .
Organochlorine fungicides were not found in the liver of the penguins, while γ-HCH isomer was present with the average concentration of 24.19 ng g -1 lw (lipid content of 12.26%). The results obtained for the lindane concentration in the liver were over two times higher than the average concentrations determined in the muscle tissue.
The HCBz is a fungicide and as most of the organic polymers has the ability to accumulate in fat (Schroll and Scheunert 1992) . Therefore, concentrations of the analyzed compounds in the adipose tissue of penguins were higher than in the muscle tissue. The average concentrations of HCBz and PCBz in the adipose tissue were 188.50 ng g -1 lw and 277.41 ng g -1 lw, respectively. The presence of TCBz at the level of 11.59 ng g -1 lw was found only in one of the tested adipose tissue samples from the penguins. The γ-HCH isomer was determined in the range of concentrations from 20.05 to 78.99 ng g -1 lw. The average concentration of lipids in the adipose tissue was 93.98%.
The highest concentration of the studied fungicides was identified in the brain of the penguins.
All the analyzed compounds were detected in the brain. The average content of lipids in the brain was 23.33% and the concentrations of HCBz, PCBz and TCBz were as follows: 621.33 ng g -1 lw, 102.84 ng g -1 lw and 118.58 ng g -1 lw, respectively. Also, the concentrations of the γ-HCH isomer in the brain were the highest among the concentrations in the other tissues of the penguins. Lindane determined in the brain ranged from 74.76 ng g -1 lw to 129.64 ng g -1 lw. The results confirm that the brain is the target organ for accumulation of the studied compounds.
Based on the concentrations of the analyzed fungicides in the food and the selected consumer tissues normalized to the lipid content, the bioaccumulation factor (BAF) was calculated. The highest BAF values were found for the penguin brain, and the lowest for the adipose (fat) and muscle tissue (Table 2 ). Those results indicated that the brain is the target organ for accumulation of most of the toxins. The BAF was higher only for PCBz in the adipose and muscle tissue. The bioaccumulation factor was not calculated for TCBz in muscles as the TCBz concentration was below the detection limit of the method. The BAF for TCBz was about ten times higher in the brain than its value estimated for the adipose tissue (fat tissue). The bioaccumulation of lindane in the liver and muscles of penguins did not occur, while the BAF value in the brain was twice as high as the BAF value in the adipose tissue (fat tissue).
Having the results of pesticide measurements in the liver and muscle tissue of the fish and penguins, it was possible to estimate the biomagnification factor (BMF). The concentrations of the analyzed compounds were normalized to the lipid content (Table 3 ). The calculations confirmed that POPs have the ability to occur in higher concentrations in tissues and organs of the organisms at successive trophic levels (Ebadi et al. 2005 , El-Mekkawi et al. 2009 ). However, none of the analyzed fungicides were found in the liver of penguins. Further studies extended to biochemical aspects should answer the question about the reason for that absence in the liver tissue of penguins despite the constant presence of fungicides in the food. Could we assume that the analyzed fungicides, constantly delivered with food, caused the liver damage typical of the enzymatic disorders of the heme synthesis in the course of PCT, or maybe, could those compounds be involved in systemic reactions in the liver tissue and undergo transformations causing the liver damage typical of PCT?
Detoxification or cleansing the body of toxic substances is a very important process. In female birds, laying the eggs is one of the ways of removing the toxic substances from the body. During the breeding season, before laying the eggs, female birds consume large amounts of food. Most of the assimilated proteins and lipids are transferred to eggs together with most of the accompanying impurities. Thus, the concentration of certain chemical substances in eggs reflects the contamination of the colony of birds by these substances shortly before laying the eggs. Consequently, the eggs have become an important and very sensitive element in the environmental pollution monitoring (Cifuentes et al. 2003) . In the case of Spheniscus demersus eggs from the ZOO, the obtained results indicated the presence of all the analyzed chlorinated polymers. The highest concentrations of fungicides were reported for HCBz. Its concentration in the yolk was greater than in the white (Table 4) . Among all the analyzed compounds, only HCBz occurred in the egg white.
In the eggs of guillemots, HCBz and γ-HCH isomer were also found. The geometric mean of their concentrations was: 923 ng g -1 lw and 7.2 ng g -1 lw, respectively (Lundstedt-Enkel et al. 2008) . The geometric mean of the HCBz concentrations in the eggs of penguins was almost six times lower, while the geometric mean of lindane concentration in guillemot and penguin eggs was nearly at the same level. An opposite trend of HCBz and β-HCH (Hario and Nuutinen 2011) . The results of the studies indicated that the offspring obtained a certain amount of toxins from the female body, which cleanses effectively by laying eggs. Another way of birds detoxification is the excretion of guano. Each of the analyzed organochlorine compounds was present in the penguin guano. The highest concentration of lindane was determined in guano, and HCBz concentrations were the highest among the fungicides (Table 4) .
POPs can also be transferred from food to feathers. In the randomly selected sample of contour feathers of Spheniscus demersus all the analyzed fungicides were found. Concentrations of HCBz, PCBz and TCBz were: 45.96 ng g -1 dw, 18.02 ng g -1 dw and 13.21 ng g -1 dw, respectively. The concentration of the γ-HCH isomer in the epithelial tissue was determined at the level of 9.89 ng g -1 dw.
The results of the study does not allow to indicate direct relationships in the process of transferring fungicides from food to eggs, guano, or epithelial derivatives. However, they could confirm the flow of fungicides from intoxication, through metabolism and accumulation, to detoxification. The range of concentrations of xenobiotics, which are involved in those processes in the colony of penguins could be useful in further studies.
CONCLUSION
POPs residues are still present in many compartments of the environment, including food consumed by animals and people. Their persistence in the environment and the ability to accumulate in the food web may still have impact on human health. Therefore, controlling their concentrations in food, as well as studying their transformations in organisms at higher trophic levels are very important. The present study confirmed the ability of HCBz and its metabolites delivered with food to accumulate in the body of the consumer. The highest concentrations of fungicides were found in the brain of penguins, which is the target organ for the accumulated POPs. High concentrations of the analyzed compounds were also reported in the adipose tissue, which confirms their lipophilicity. In addition, a high bioaccumulation factor was observed for PCBz in the muscle tissue, and that value was comparable with the amount accumulated in the adipose tissue. The estimated biomagnification factor (BMF) was the highest also for PCBz in the muscle tissue. The biomagnification of HCBz was observed in the muscles, while lindane was biomagnified in the liver.
The results of the present study indicated the consumer ability (penguin) to detoxify from organochlorine polymers. The obtained results of guano, eggs and feathers analyses show higher concentrations of the studied compounds than the concentrations delivered with food. Thus, xenobiotics can be excreted in the unchanged form, return to the environment and begin the next cycle. The most effective penguin mechanism to detoxify from fungicides seems to be the deposition of guano.
Considering the continuing pollution by persistent organic compounds, it is important to extend the knowledge about the effect of these pollutants on organisms from different trophic levels. Since the analyzed fungicides are the factor inducing the PCT and the impact of the size of doses introduced into the bodies of people from the risk groups is not yet investigated, it is essential to combine the studies of food toxicity with studies of disease syndromes induced by food toxicity.
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